From its early stages, your academic career has been in psychiatry, but how did you become involved in neuroimaging?
My involvement in neuroimaging was not a linear trajectory, by any means. I had no idea I would be involved in neuro imaging studies of the brain when I began my research studies as a graduate student with Professor Philip Holzman in the Department of Psychology at Harvard University (MA, USA). He was a pioneer ing researcher in the field of schizophrenia. I was interested in understanding the mind and how it works, what normal functioning is, and how we can understand abnormal functioning. I was completely inspired by a presentation given by Holzman as part of a graduate student seminar. He was talking about eye tracking and how patients with schizophrenia have difficulty following an object and how this abnormality was likely to be more linked to the underlying pathology of schizophrenia than the more striking symptoms including disordered thought, auditory hallucinations and delu sional beliefs. The notion that something so seemingly unrelated to a disorder, such as eye tracking, may be more importantly linked to the underlying pathology was a new and intriguing idea to me. Holz man also observed that these abnormali ties were present in unaffected relatives of patients with schizophrenia, suggesting that there may be a genetic component to this disorder.
Following his presentation, I sought him out and he invited me to visit his laboratory at McLean Hospital (MA, USA). I began working with him that day, in 1979, and he became my PhD dissertation advisor. I was still very interested in auditory halluci nations and the odd manner in which patients with schizophrenia spoke, called 'formal thought disorder'. Therefore, instead of looking at eye tracking, which is what I thought I would study, I began a study to quantify disordered thinking, which is manifested in the odd speech that is such a striking symptom of this devastating disorder. Findings from my dissertation demonstrated that relatives of patients with schizophrenia also exhibited the same kind of disordered thinking, only more attenuated.
Following this work, I knew that I wanted to get closer to the brain in order to understand where in the brain disordered thought and auditory hallucinations were localized. I wondered at the time whether or not these striking symptoms would be associated with some sort of underlying substrate in the brain.
In 1984, I had the opportunity to work as a postdoctoral fellow with Professor Robert McCarley in the Department of Psychiatry at Harvard Medical School (MA, USA). Professor McCarley was inter ested in investigating eventrelated poten tials, which are similar to EEG, except that the stimulus is controlled and the experi menter observes the brain wave in response to the stimulus; thus, 'eventrelated poten tial'. As part of my postdoctoral fellow ship, my job was to investigate the P300 in schizophrenia and relate it to some of
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Martha Shenton is Professor in Psychiatry and Radiology at Brigham and Women's Hospital (MA, USA) and the founding director of the Psychiatry Neuroimaging Laboratory at Harvard Medical School (MA, USA). She is also a Health Scientist at the VA Boston Healthcare System (MA, USA). For many years, Shenton and her team have been developing and applying MRI techniques to the study of schizophrenia, and she is now beginning to turn her attention to advancing our understanding of the previously neglected disorder of mild traumatic brain injury using advanced MRI techniques. Shenton has authored over 300 peer-reviewed empirical articles and proceedings and has received numerous awards throughout her career. -Interview the symptoms, including auditory halluci nations and formal thought disorder. The P300 is a positive waveform that occurs 300 ms after a novel event -for example, a highpitched beep when using an auditory stimulus. It was thought that this evoked potential may be related to schizophrenia. The rationale here was that patients with schizophrenia experience difficulties in determining what is relevant from what is irrelevant in their environment. What was interesting in our findings was that patients with schizo phrenia still responded to the novel stimuli by showing an increase in amplitude in the P300, but their response was more attenuated and with lower ampli tude. This was also lateralized to the left and was correlated with properties of thought disorder related to language and auditory hallucinations. To my mind, this was getting closer to understanding what areas of the brain are affected in schizo phrenia. Left-lateralized findings in areas of language were an important inroad. However, while eventrelated potential studies have temporal resolution in terms of milliseconds, the localization is not as precise and accurate. I wanted to get even closer to the brain itself.
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In 1986, I met with Dr Marjorie LeMay weekly to learn about how the brain appeared on CT scans. LeMay was a won derful neuroradiologist at Brigham and Women's Hospital (MA, USA) who had worked with Dr Norman Geschwind and Dr Alan Galaburda. She was an expert in the area of asymmetries in the brain, which was an area we thought was also important in schizophrenia research. I sat with her for many hours each week to understand how brains were represented in CT scans and we also had a small study where we acquired CT scans from patients with schizophrenia. Then, in 1987, I applied for and received a career award from the National Institute of Mental Health (1988) (1989) (1990) (1991) (1992) (1993) but Jolesz cautioned me that I was not likely to find anything because if there was some thing there, it would have already been dis covered. I believed, however, that the new tools available, both for acquiring images and for postprocessing images, were far more sophisticated than in the past, and would, therefore, make it possible for us to discover and delineate subtle brain abnor malities in schizophrenia. We were among the first to use MRI in this patient group, where we were able to image 1.5mm slices, with no gaps between slices, which was new. We were able to cover all of the brain, and not just a part of it, or 1cm slices. One of our first research studies was published in a psychiatry journal, Schizophrenia Research [1] but we felt that our work was not really understood at the time and so we submitted our second study to a journal outside our field (the New England Journal of Medicine [2] ) and it ended up being one of the seminal papers in the field because it definitively showed that schizophrenia is a brain disorder. Although people had speculated about this for a long time, this study really demonstrated that you needed sophisticated in vivo imaging tools in order to confirm that schizophrenia was charac terized by subtle brain abnormalities. So that is what we did, and we found that the brain abnormalities in schizophrenia are in areas involved with language, on the left, including the left superior temporal gyrus, and the amygdala-hippocampal complex; the latter is important for verbal memory. These two studies were my first foray into neuroimaging, and my first focus on brain a bnormalities in schizophrenia.
What has been the highlight of your career so far?
I would say there are several highlights. One was working with Philip Holzman as a graduate student. He just had this 'cando' attitude that was contagious and inspiring. He was very supportive of his graduate students, helping them to flesh out their ideas, and it was also a very exciting time period to be doing research in the field of psychiatry because things had changed from looking at an interper sonal, psychosocial and psychodynamic understanding of mental illness to a more biological focus in terms of etiology. It felt like a new frontier, which was exciting. A future science group Interviewfurther highlight was when we started to conduct imaging studies -early on (before the 'Decade of the Brain'). There weren't any guideposts -it was like being in this brand new world of discovery. We had to create guideposts as we went along, and try to standardize what we were doing. That was both exciting and anxiety provoking because we could be going down the wrong path entirely.
Another highlight for me was later, when diffusion tensor imaging became available and I started working with other investigators on this line of research in the late 1990s. Work with Dr Marek Kubicki and Dr CarlFredrik Westin was the start of this new effort where we developed post processing tools, later also with the help of Dr Sylvain Bouix and Dr Yogesh Rathi. Our first focus was to investigate white matter changes in patients with schizo phrenia. Our group has now published some of the most highly cited papers apply ing diffusion imaging to further under stand schizo phrenia and we have reported findings about brain regions with reduced white matter integrity between the frontal and temporal lobe, including the uncinate fasciculus [3, 4] .
Then, about a decade later, it really occurred to several members of our group that diffusion tensor imaging was even more applicable to traumatic brain injury (TBI). In TBI, particularly in mild cases, you see acceleration, deceleration and rotational forces that actually stretch and sheer axons. The diffuse axonal injury in mild TBI (mTBI) is often not visible using conventional MRI or CT. Instead, more sophisticated tools such as diffusion tensor imaging are needed that will show some of the shearing and diffuse axonal injury, the latter being the most common injury in mTBI, which is not observed using conventional imaging. The big decision in an emergency room, when faced with a individual with moderate or severe TBI is: "does this individual need neurosur gery?" However, usually nothing's going to be done for mTBI. Very often, a CT is not even performed unless there is some indication; and even if a CT is done, it does not generally show any damage. Nonetheless, the consequences for mTBI are not normally serious because, for the most part, those with mTBI recover within hours to days to weeks. However, there are a small percentage of people with mTBI (~15-30%) who do not recover. They end up experiencing symptoms long after their head injury, including dizziness, problems with concentration, memory, irritability, impulsivity and sometimes depression, without really having an explanation for it. Their doctor may tell them that there is nothing wrong with them because noth ing shows up on CT or MRI; they do not have an explanation for what is going on. Imagine how disconcerting that must be for the patient.
There has been controversy in this field. Perhaps people with these symptoms may have had psychiatric symptoms before their brain injury? Perhaps there is a lot of overlap with other disorders such as post traumatic stress and/or depression? However, I really do not think that this is a fair assessment since it is not based on radiological evidence from the appropriate sophisticated imaging tools, such as diffu sion tensor imaging. Fortunately, I think that is changing now and it will have a huge impact on the field of TBI. So, that to me is another highlight of my career, and it's happening right now -I'm going in a completely different direction. I am still involved in schizophrenia research, but the work our laboratory is doing can con tribute a lot towards understanding mTBI. Both schizophrenia and mTBI deal with the same kind of issue; very subtle abnor malities in the brain, which require refined tools in order to discern them. Currently, with Inga Koerte and collaborators, we have applied these tools to soccer players, where we have shown that repetitive head trauma, even in elite professional soccer players who are selected for participation with no reported history of brain concus sion do show alterations in white matter compared with healthy professional swim mers [5] . We have also reported changes between pre and postseason in hockey players, where changes in white matter have been observed [6] ; see also our com prehensive review article on neuroimaging findings in mTBI [7] . We are also investi gating changes in National Football Play ers (NFL) to determine whether or not there are early changes that might predict chronic traumatic encephalopathy (CTE), so that through detection we may be able future science group -Interview to intercede with possible treatments to prevent the cascade of changes that lead to CTE in some players, but not in oth ers. There is much to be done in the area of mTBI, including the area of advancing our knowledge of repetitive subconcussive blows to the head, and the work here is only just beginning, which makes it really exciting. There is also the opportunity to develop preventative neuro protective agents prior to exposure to explosive devices in the case of soldiers, and even in the case of a thletes with high exposure to head trauma. The work began with using post processing imaging tools that were being used for pre surgical planning for neurosurgery. Mem bers of my group would use some of the algorithms that were developed by com puter scientists to investigate and try to localize brain alterations in schizophrenia. We were a kind of btesting group for tools that were being used for neurosurgery. Usu ally, when a computer scientist is looking at an object, it does not matter whether the object is up, down, left or right. However, if you are doing neurosurgery then it makes a big difference! Therefore, some of our early work with computer scientists involved pointing out if the corpus callosum looked as if it was going in the wrong direction, and they would fix it. Other early work we did with computer scientists was to provide feedback on segmentation algorithms to segment the brain into gray matter, white matter and cerebrospinal fluid (CSF). This sounds like something that was simple to do, but it took at least 15 years of com puter vision research to develop the abil ity to segment all the little voxels in the brain into tissue classes. We were involved early on with computer scientists in order to provide feedback in their development of these algorithms. One example is a data set we had from Israel on posttraumatic stress disorder. The segmentation algo rithm was not working well, in that the three classes of tissue were not clearly delineated. We approached the computer scientist who we had been working with, Dr William Wells III, and he noted that the homogeneity in the magnetic field was not homogeneous, which meant that the signal for white matter in one part of the brain was different than in another part. He used this data set to develop a post processing algorithm that would adjust for inhomogeneities in the magnetic field [8] . This algorithm is now used widely to cor rect for inhomogeneities in the magnetic field at the postprocessing stage.
Another area we were interested in developing was the ability to quantify the sulcal-gyral pattern of the brain in schizophrenia. A computer scientist, Dr Guido Gerig, assisted us here and we were able to differentiate between patients with schizophrenia and normal controls based on differences in the sulco-gyral pattern [9] . We were also interested in looking at brain shape, as midbrain structures in par ticular are affected by neurodevelopment more than other parts of the brain. Here, we worked again with Gerig on shape, as well as volume, and found that by com bining both these we were able to better differentiate the amygdala-hippocampal complex between patients with schizo phrenia and controls than by using either measure alone [10] .
So we have been involved in developing tools to look at shape, segmentation algo rithms, and we are now working on more automated measures that take the brain out of the skull. Most of the algorithms avail able today do not do such a good job here and quite a bit of manual editing is needed. We are also developing tools in diffusion imaging. One method developed by our group and collaborators is stochastic trac tography, in which connect ivity between any two brain regions of interest can be measured [11] . For example, if one is inter ested in language areas, one might pick an area near Wernicke's area and Broca's area and measure the white matter fiber tracts between these two areas.
We are also working on solutions to the problem of crossing fibers in diffusion future science group Interviewimaging. When fibers cross, where they cross is similar to what would be observed in CSF (i.e., there is movement of water in all directions instead of restricted move ment of water as is the case in white matter fiber tracts). Diffusion imaging works so beautifully because in water or CSF all of the molecules move in random directions (isotropic diffusion) -there is nothing that stops the directionality of the molecules. However, if you are looking at tissue such as white matter, the water movement is restricted; white mater is perfect, as mol ecules are very much restricted to going in two directions (i.e., anisotropic diffusion). Thus, where you have a crossing, with one set of fibers, for example, going one way and then another set going perpen dicularly, where they cross is an area that might as well look like CSF, but it is not -so how do you quantify that? We have two computer scientists who have devel oped a twotensor/multitensor approach for taking into account crossing fibers [12, 13] . Figure 1 shows a 3D reconstruction of the corpus callosum fiber tracts using a twotensor model of DTI.
At the moment, we have six computer scientists who are focused on really dif ferent questions. For example, Dr Ofer Pasternak has a method to look at free water; he can separate the diffusion ten sor into a component of free water that is extra cellular and a component of the dif fusion tensor that is more closely in line with water within/near the tissue. This is going to be important for conditions such as TBI, because you want to know if the more extracellular free water (per haps vasogenic edema) is associated with a neuro inflammatory response of the brain to the initial head injury, which may be neuroprotective and possibly related to better outcome, whereas if more damage is present and more associated with intra cellular water (perhaps cytotoxic edema), then this might indicate more neurode generative processes [14] . In a recent study published in the Journal of Neuroscience, it is shown that in the early stages of schizo phrenia there is one component of the diffusion tensor that shows more global changes (e.g., extracellular) whereas in the frontal lobe there are already areas that may be more indicative of neuro degeneration (e.g., intracellular) [15] . Other tools being developed include building an anatomy atlas to provide individual pro files of injury for mTBI patients. Dr Syl vain Bouix is working on this project.
One of your group's most recent studies used 3T MRI to explore sports-induced mTBI. How have advances in imaging technologies helped to improve our understanding of TBI, & where is this field heading?
I think this is a really exciting area as it has been largely ignored because, as noted pre viously, neither conventional MRI nor CT have been helpful in providing knowledge about brain abnormalities in mTBI. Thus there have been, up until quite recently, very few imaging studies of mTBI. In fact, one of the first conferences I went to was on mTBI. While I was there, I noticed that not one individual showed a picture of the brain when talking about mTBI, and my colleague, Professor Ross Zafonte (Har vard Medical School), one of my new TBI collaborators, explained to me that this was because most researchers and clini cians thought that looking at the brain wasn't helpful in mTBI. Instead, they were looking at neurocognitive function in the brain as an indicator of brain function ing being normal or abnormal, but they didn't look at the brain itself because it was believed that there was nothing to be seen! And I say this last comment with some amazement because I had heard the same thing as a schizophrenia researcher. But the right tools were not being used to discern subtle changes in the brain.
Thankfully, I think that is changing now; people are starting to use the right tools to image the brain and see the subtle alterations. This is a tremendous step for ward because you cannot properly treat something until you can properly diagnose it and definitely say which areas are really affected in mTBI.
One of the problems with mTBI, as I mentioned already, is that where you are hit in the head may determine where the head injury is, so it is often very hetero geneous. If you group people together with mTBI and then compare them with nor mal controls, then the differences between groups might not necessarily be a differ ence that categorizes any one individual.
future science group -Interview Therefore, another question that arises, which is actually being worked on by one of our computer scientists, Bouix: is there a way to create a brain atlas based on normal controls that are matched in terms of age, gender, handedness and other variables to a group of subjects that have experienced mTBI? If so, we could compare each brain of the TBI subject with this atlas to get an individual profile of where the injury is for each patient. This would end up being very useful clinically. You could also track the injury over time and perhaps be able to predict the course of the injury. So I think we need to know a lot more about individual injuries. Then you could actually use different statistics to do group comparisons with your brain atlas, compar ing the mTBI subjects in terms of severity of the injury and number of areas affected, and use group statistics to predict if that individual's injury has a better or worse outcome. There are different dependant variables; for example, you could look at free water measure (developed by Pasternak in our group) to see if early edema may be a good indicator in terms of outcome, whereas later edema may be a poor indica tor of outcome. At the moment, we know so little about what happens at injury. Followup studies are clearly needed.
Could the neuroimaging work in laboratories such as yours one day contribute to improved care for patients with psychiatric disorders? Do you see it being brought into the clinic at any point in the future?
I really hope so -I would not be doing this if I was not hoping that the advances we have in imaging technology will not only improve our understanding of TBI, but will also end up being useful for a clini cian treating individual patients and help them to decide the best course of treat ment based on the kind of injury. These were previously 'invisible' injuries, but now they are visible and we can track them and learn more about them. You diagnose and then try and find biomarkers that would allow you to be able to provide a progno sis. Then you can even look at treatment efficacy, based on the biomarkers that you have developed. My hope is that we will gain a much better understanding, particu larly of conditions such as mTBI. We may even be able to add to knowledge about For example, a study that we would like to do is a PET study looking at tau proteins in the brain. A specific tau ligand has been developed by Siemens (Munich, Germany) and has been used successfully to quan tify tau proteins in one Alzheimer's dis ease patient, one mild cognitively impaired patient and one normal control [16] . We would like to use this ligand to investigate a sample of NFL players selected ahead of time for having tau in their CSF, in addi tion to other abnormalities on neuopsycho logical and neurological examinations, and to select another sample of NFL players who have no such anomalies, thus having a highrisk group for CTE and a lower risk group. We would also like to see if the tau build-up from PET findings is associ ated with an aggregate risk score for tau genes, to see whether we can determine the genetic risk for developing CTE. This would possibly enable us to know ahead of time those NFL players who are most at risk for developing neurodegenerative brain diseases such as CTE prior to partici pating in highimpact sports. After all, not everyone who plays football ends up with such longterm injuries, and being able to determine those most at risk would go a long way in preventing CTE.
What future developments would you like to see in advanced MRI that would allow the field to progress further?
One limitation is that among the ligands available for PET, a ligand to investigate tau protein accumulation in mTBI has not been available until quite recently. The group I am working with at Boston Uni versity (most particularly Dr Robert Stern) have found real evidence at postmortem that shows that repetitive brain trauma probably leads to CTE in some individu als, which is likely to be more character ized by an accumulation of tau proteins in the brain than Alzheimer's disease and other disorders. Therefore, a better under standing of this with better, more readily a vailable, tau ligands would be helpful.
We are also beginning to combine imag ing modalities, such as PET with MR spectroscopy (working with Dr Alex Lin at Brigham and Women's Hospital), in order to look at some of the markers that may be related to neuron inflammation, and to perform multimodal imaging. This has not really been done yet in TBI.
There are also some newer diffusion imaging protocols being developed, with more information and higher resolution. That is where I think the field should be going in terms of imaging: using a multi modal approach and using more advanced techniques.
One of the downsides of center grants is that if you have some sites that are included which do not have the most advanced tech nology, then you just have to do the best you can, given the scanners that you have available to you. I think that some of the studies are going to have to be smaller and at sites that have the capability for advanced imaging techniques; however, there is still a need to have the larger st udies -and they are only just starting in TBI.
Finally, do you have any concluding comments, or anything else you would like to discuss?
It is hard to describe what it's like to work in a research laboratory where people are really committed to trying to understand a disorder, solve a problem or develop a new technique because you do not yet have a way to achieve what you want to. There is a whole thrill that goes into a discovery like this -just being in an environment where people are really excited about discovery and are on the cutting edge of discovery. It is exciting to be part of, but also to know that what you are doing will hopefully be important in the end and have an impact on how a disorder such as mTBI will be looked at -a clinician will not just look at a patient and say, "This is all in your head," all because there is not any radiolog ical evidence that there's anything wrong with them.
We can demonstrate radiological evi dence now, and that is important and excit ing. It changes the whole paradigm of how people will look at some of these 'miserable minorities' -people who do not recover quickly from having a concussion and who go on to have symptoms later in life. This minority of people need to be listened to, as they probably do have something wrong future science group -Interview with them which needs to be attended to. Maybe if we know enough about the whole cascade of events that happens in the brain, we would be able to prevent people from becoming classified into the group of miserable minorities and change their lives.
I am actually going to be speaking to someone later today because they want to talk to me about the fact that they have never felt right since experiencing mTBI from falling off a bike. Everything 'looks normal' on conventional MRI and CT, but this individual wants to talk to some one doing research in the field. I'm not a clinician, but if I can help them or direct them to someone who is now using more sophisticated imaging methods and has more sophisticated thinking about what to do with that minority who still have symptoms despite it all 'looking normal', then I'll do it. No writing assistance was utilized in the production of this manuscript.
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